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Electroreflectance of GaAs and GaP to 27 eV using synchrotron radiation
Abstract
Electroreflectrance (ER) spectra of GaAs and GaP, taken with the Schottky-barrier method, exhibit to 27 eV
the strong structural enchancement and high resolution characteristic of similar measurements below 6 eV.
Above 20 eV, a new set of critical points is observed between the flat valence bands derived from the Ga 3d
core levels and the local extrema of the sp3 conduction bands. The attained resolution, of the order of 100
meV, enables us to resolve clearly the spin-orbit splitting of 0.45 eV of the 3d-derived valence bands. The
following critical-point energies have been determined in GaAs and GaP, respectively. sp3 valence
conduction: E1′, 6.63 ± 0.05 eV, and 6.80 ± 0.05 eV; E1′+Δ1′, 6.97 ± 0.05 eV (GaAs only); E0''(Γv15→Γc12),
10.53 eV, and 9.38 ± 0.1 eV; E0'''(Γv15→Γc1), 8.33 ± 0.1 eV, and 10.27 ± 0.1 eV, E1'', 9.5 ± 0.2 eV, and 10.7 ±
0.2 eV. E5, E6, and E7 structures are observed at 15.1, 16.7, and 17.9 eV in GaAs, and at 14.7, 16.1, and 18.6
eV in GaP. Relative values of 3d core to sp3 conduction-band matrix elements are estimated for several states
and show that the lowest 3d core-level ER structures arise from transitions terminating at the Xc1conduction-
band minimum. We calculate an exciton or core-hole interaction shift of 150 meV for GaP and 200 meV for
GaAs, which indicates that core-hole effects are probably small for these materials. Spectral features with
initial structure less than 100 meV in width are observed above 20 eV, showing that broadening effects are
much smaller in this energy range than previously believed.
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Electroreflectrance (ER) spectra of GaAs and GaP, taken with the Schottky-barrier method, exhibit to
27 eV the strong structural enchancement and high resolution characteristic of similar measurements
below 6 eV. Above 20 eV, a new set of critical points is observed between the flat valence bands
derived from the Ga 31 core levels and the local extrema of the sp conduction bands. The attained
resolution, of the order of 100 meV, enables us to resolve clearly the spin-orbit splitting of 0.45 eV of
the 3d-deri. ved valence bands. The following critical-point energies have been determined in GaAs and
GaP, respectively. sp' valence conduction: E, ', 6.63 + 0.05 eV, and 6.80 + 0.05 eV; E, '+ 6, ',
6.97 ~ 0.05 eV (GaAs only); Eo (I i5 —«I iz) 10.53 eV, and 9.38 + 01 eV' Eo (I is —i I i) 833 +
0.1 eV, and 10.27 ~ 0.1 eV, E,", 9.5 + 0.2 eV, and 10.7 ~ 0.2 eV. E„E„and E, structures are
observed at 15.1, 16.7, and 17.9 eV in GaAs, and at 14.7, 16.1, and 18.6 eV in GaP. Relative values of
3d core to sp conduction-band matrix elements are estimated for several states and show that the lowest
3d core-level ER structures arise from transitions terminating at the L& conduction-band minimum. We
calculate an exciton or core-hole interaction shift of 150 meV for GaP and 200 meV for GaAs, which
indicates that core-hole effects are probably small for these materials. Spectral features with initial
structure less than 100 meV in width are observed above 20 eV, showing that broadening effects are
much smaller in this energy range than previously believed.
I. INTRODUCTION
The effectiveness of modulation techniques in
enhancing weak structure in the optical spectra
of solids has been well documented in the quartz-
optic energy range below 6 eV. ' By contrast, the
energy region above 6 eV has been largely unex-
plored. Using the continuum provided by the hydro-
gen discharge lamp, Scouler' and others' ' have
measured thermoreflectance spectra of Au, ' and
other materials, ' ' to 10 eV, while Menes' has
recently reported the electroabsorption spectra
of the alkali iodides NaI, Kt:, and RbI to 8.2 eV.
Although the enhancement of structure typical of
modulation measurements was observed to these
energies, there has been little incentive to extend
modulation measurements beyond 10 eV even
though a number of transitions important in ener-
gy-band theory occurred above this limit. This
was due partly to the difficulty of obtaining suitably
intense continuum sources, and partly to the fact
that the broadening energy above 10 eV, as esti-
mated from ahsorptance/reflectance spectros-
copy' "and x-ray, "" resonance lamp, "'"and
synchrotron" "photoemission measurements,
was relatively large, of the order of 300 meV.
Such large broadening effects would wash out fine
structure in optical spectra, making modulation
measur ements unproductive.
Th e r ecent measurements of the thermor eflect-
ance (TH) spectrum of Au to 35 eV, "the electro-
reflectance (EH) spectrum of Gap to 27 eV,"and
the high-resolution reflectance spectrum of GaSe,"
using synchrotron radiation, "were therefore sur-
prising and significant for a number of reasons.
First, first-derivative (TH), second-derivative
(calculated numerically from reflectance), and
third-derivative (low-field EH) techniques were
shown to be effective to much higher energies than
previously supposed. The spectra observed were
large, with
~
~/R~ of the order of 10 ' to the
highest energies measured. Since the highest en-
ergies attained were a result of specific experi-
mental conditions and not due to any intrinsic
limitations of the techniques, these experiments
demonstrated that it should be possible to measure
spectra to even higher energies. Secondly, the
spectra were not only highly structured but the
structure observed was much sharper than ex-
pected. Certain transitions in these spectra showed
widths of the order of 100 meV at energies as high
as 25 eV. It was therefore clear that the broaden-
ing energies observed in previous spectroscopic
measurements did not represent intrinsic limits
of bulk processes. Although the optical work was
probably resolution limited, the photoemission
spectra were certainly broadened additionally due
to effects arising from the shallow escape depth
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of photoemitted electrons and the necessarily close
proximity of the nominally bulk initial and final
states to the surface. It was therefore apparent
that optical-derivative spectroscopy, unlike elec-
tron spectroscopy, would provide spectra char-
acteristic entirely of bulk phenomena. Thirdly,
the improved resolution obtained by optical-deriv-
ative techniques, relative to previous spectro-
scopic measurements, allowed many previously
undetected critical-point features to be observed
and interpreted. In particular, the 0.50-eV spin-
orbit splitting of the Qa 3d valence bands were re-
solved for the first time. "'" Fourth, the ER re-
sults showed that useful modulation spectra could
be obtained from the extremely flat valence bands
arising from atomic core levels. Since these
levels show no curvature on the scale of experi-
mental energy resolution of 100 meV, critical-
point spectra arising from these core bands are
qualitatively different from the usual ones involv-
ing the sP' valence bands, in that each critical
point of a core spectrum occurs at a local ex-
tremum of the conduction bands. By determining
the absolute energy of the core level from photo-
emission measurements, it is therefore possible
to obtain absolute energies of these conduction-
band local minima and maxima. By performing
symmetry analysis" ' "on these cr itieal-point
features, it should be possible to assign these
structures conclusively to different regions of the
Brillouin zone, and therefore to determine, for
instance, the energies of the loca1. conduction-band
minima at I', X, and I. directly.
The objective of this paper is to discuss more
thoroughly the Schottky-barrier EB spectra of
GaP given in our preliminary report, "and to
present new EB results for GaAs. A comparison
of these two Ga, compounds is particularly informa-
tive since they share in the 20-26-eV range the
same flat valence bands derived from the Sd core
levels of the cation, and the spectra obtained from
transitions out of this valence band simply reflect
the similarities of and differences between the
conduction-band topology of the two materials.
The EB spectrum of QaAs below 6 eV has previous-
ly been, measured in detail, "and very accurate
nonlocal pseudopotential band- structure calcula-
tions"' "are available to assist in interpreting
the core-level spectra. The conduction-band
structure of QaP is not known as accurately, but
the much smaller spin-orbit splitting of P relative
to As makes the core-level spectra of GaP intrin-
sically simpler than that of QaAs, The experi-
mental details are discussed in Sec. II. The spec-
tra are presented and analyzed in Sec. III. The
results are summarized and discussed in Sec.
IV.
II. EXPERIMENTAL
Schottky-barrier ER measurements"" were
performed using the high-energy photon source
of the Synchrotron Radiation Center of the Phys-
ical Sciences Laboratory of the University of
Wisconsin. A 1-m McPherson model-225 normal-
incidence monochromator with a 600-line/mm
grating was used to cover the energy range of
3-27 eV. Slit widths of 100 to 250 p.m gave spec-
tral resolutions of 1,6 to 4 A. The output beam
size at the sample was 1 &&5 mm and was reflected
with predominantly P polarization from the sample
at a 30' angle of incidence. An EMI 9514 photo-
multiplier was used in conjunction with a sodium
salicylate phosphor as a detector in the energy
range below 14 eV. At higher energies, an EMI
model 9603j2B electron multiplier was used be-
cause of its higher sensitivity and its complete
lack of response to scattered light belom 10 eV.
Further details of the optical system, including
the cold-finger sample Dewar, have been given
elsewher e."'"
Electroreflectance samples used in this experi-
ment consisted of n-type Te-doped single-crystal
slices of Gap and GaAs, with (111)surfaces and
net donor concentrations of 5x10" and 4 x10"
cm ', respectively. The back or B surfaces were
sand blasted and rhodium plated to form an Ohmic
contact. The front or A surfaces were optically
polished with Syton, "and Schottky barriers were
formed by evaporating semitransparent metal
films on these surfaces as described previously. "
All QaP spectra were taken with Ni as the barrier
metal, whereas both Ni and Au were used for mea-
surements on QaAs. Au films worked mell in the
vacuum-uv range below 14 eV, and the QaAs spec-
tra from 6 to 14 eV were taken with Au as the
barrier metal. The high reflectance of Au in the
17-25-eV range" resulted in substantial attenua-
tion of the EB spectra, so Ni was used as the
barrier metal above 14 eV. Except for the dif-
ference in attenuation, the ER spectra measured
above 14 eV appeared to be essentially the same
for either Ni or Au barrier samples. For optical
measurements, the samples were mounted directly
on the Dewar cold finger with silver paste. Mea-
surements were performed at liquid-nitrogen tem-
perature (ca. 80 K) with ambient pressures in the
10 '-Torr range.
Most spectra were taken with square-wave mod-
ulation of amplitude 1.0 to —3.0 V for QaAs and
1.0 to —5.0 V for GaP. The negative-voltage
limits were determined by the reverse breakdown
limits of the barriers, and corresponded to cal-
culated surface fields of. the order of 700 kVcm '.
This is near the absolute dielectric breakdown
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limit of these materials, and the actual field mag-
nitudes obtained were probably somewhat less. A
modulating frequency of 104 Hz was used for these
measurements. A phase lag of 45 was observed
between the modulation voltage and the ER re-
sponse, indicating that the series resistance had
only a minor effect in charging the barrier at this
frequency.
The spectra were measured by phase-sensitive
detection. Signal averaging for 20-60 sec per
data point was obtained by integrating the output
of the phase-sensitive detector with a V to f-con--
verter and accumulating the resultant pulses in a
SSR model-1110 digital synchronous computer. "
These data were normalized by simultaneously
recording the dc output of the detector. The usual
factor of 2.22 was used to convert the rms output
scale of the phase-sensitive detector to an equiv-
alent square-wave modulation amplitude as seen
at the photomultiplier output.
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FIG. 1. Schottky-barrier ER spectrum of GaAs from
5 to 14 eV. The barrier metal for this spectrum was Au.
III. RESULTS AND DISCUSSION
A. ER spectra below 14 eV
The Schottky-barrier EB spectra of GaAs from
5 to 14 eV and GaP from 2.5 to 14 eV are shown
in Figs. 1 and 2, respectively. Numerous struc-
tures can be seen which arise from critical points
between the sP' valence and conduction bands.
Structure below 6 eV is in agreement with that
previously measured and discussed in ER spectra
for both GaAs"" and GaP." Critical-point en-
ergies determined from these spectra by the
three-point method" are given for QaAs and GaP
in Table I. Since the present ER spectra are not
low-field spectra in this energy range, the values
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FIG. 2. Schottky-barrier ER spectrum of GaP from 3
to 14 eV. The barrier metal for this spectrum was Ni.
of critical point energies obtained from these
spectra are expected to deviate somewhat from
the corresponding low-field values. No measure-
ments were taken below 5 eV for GaAs since
Schottky-barrier EB data are already available in
the literature. " For completeness, we also list
in Table I the energies of selected critical points
as determined by low-field ER, '" high-resolution
energy derivative refiectance (EDH), "' ' and
thermoreflectance" measurements, and the re-
sults of recent nonlocal pseudopotential band-
structure calculations"' "based principally upon
the low-field Schottky-barrier ER data. " We note
that the E, critical-point energy determined from
the present experiment is in very good agreement
with that obtained from low-field ER measure-
ments in the overlap region between 5 and 6 eV.
Experimental results for QaP listed in Table I
include all major critical points for QaP, although
high fields were used and consequently the spin-
orbit splittings were not resolved. The single
exception occurs for the E, and F-, +6, transitions,
where well-developed n =1 exciton lines were ob-
served in both cases. The critical-point energies
for these latter transitions were calculated by
adding to the exciton line structures the known
11-meV binding energy of the n =1 E, exciton. "
The discrepancy between our measurements and
those from high-resolution energy-derivative-
reflectance data" also shown in Table I may be
due to the higher doping levels of our samples.
This is certainly the case for the F-, transition. "
The corresponding difference for the average of
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the E, and @y+4y transitions probably includes
in addition broadening effects that occur at the
high fields used in these measurements. A num-
ber of separate transitions in the Eo and E, struc-
tures are indicated but not resolved. Presumably,
low-field measurements can obtain the necessary
separation to identify the component critical points
in these regions of the spectrum, as has been pos-
sible for QaAs. " A number of subsidiary or
Franz-Keldysh oscillations are present in the
spectra of Fig. 2 as well as the primary structures
associated with the critical points themselves.
These are most apparent in the energy ranges just
above the E, + A„E„and E,' critical points, and
in principle can be used to obtain the interband
reduced masses of these critical points. '
The identification of sP' valence-conduction-band
critical points in the previously unexplored region
above 6 eV is greatly facilitated by examining the
QaAs and GaP spectra for similar structures, and
comparing the energies obtained with the results
of band-structure calculations. "'"'" Since re-
cently developed nonlocal pseudopotential methods
have not yet been applied to CaP, we shall place
the most emphasis on agreement with band struc-
ture calculations for GaAs. "'" The dominant
spectral features above 6 eV are the E,' transitions
with measured critical point energies 6.63 and 6.80
eV in GaAs and GaP, respectively. These ener-
gies are in good agreement withthose obtainedfrom
thermoreflectance measurements" and also with
those at which measured reflectance reach local
maxima. ' A clearly defined secondary structure
is observed in QaAs at a critical point energy of
6.97+0.05 eV, as shown in Fig. 3. The energy of
the secondary critical point is obtained by assum-
ing that its line shape is the same as that of the
main structure, and that it is simply superim-
posed on the high-energy tail of the latter. This
energy is also in good agreement with that ob-
tained from thermoreflectance measurements. "'"
A similar secondary structure may exist in GaP,
but its presence is masked by the multiplicity of
structures in the 7.3-9.0-eV region for this ma-
terial. Spectra were obtained at several differ-
ent modulation voltages for GaAs in order to ver-
ify that the secondary structure was an intrinsic
property of the material, and not a subsidiary
oscillation. Two such spectra are shown in Fig. 3.
Except for small discrepancies, the two spectra
are the same and are observed to scale approxi-
mately linearly with the modulating voltage. This
verifies that these spectra were obtained under
low-field conditions. "'" The separation energy
of 0.34 +0.05 eV for these transitions is substan-
tially greater than the value, 0.220+0.002 eV, ob-
served" for the spin-orbit splitting of the E, and
I I I I ( I I I
'
I
/ I I I I
E) + 6'i
0
Cl
fOO
I I I QI + I I
Ga As —80K
-3V
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FIG. 3. Schottky-barrier ER spectra of GaAs in the
vicinity of the Eg and E&+&~ transitions at two values of
the modulatirg voltage. The spectra taken at the lower
field are shown larger by a factor of 3.5 to facilitate
comparison of the line shapes.
E, + 4, transitions. This shows that the respective
transitions are localized in somewhat different
regions of the Brillouin zone, "'"as has been
demonstrated previously for the equivalent tran-
sitions in Ge.44
The multiplicity of structures above E,' in Figs.
1 and 2 is exceeded only by the multiplicity of
interband critical points that occur in the calcu-
lated energy band structures for these materials.
We shall therefore discuss only the most prom-
inent of the remaining features, reserving anal-
ysis of the remainder until polarization data are
available. The sharp positive peak at 9.38 eV in
GaP, labeled Eo' in Fig. 2, is clearly related to
the corresponding peak at 10.42 eV in GaAs in Fig.
1. The anomalous sharpness relative to the sur-
rounding structures is characteristic of zone-
center transitions, "and the strength is suggestive
of a large matrix element and possibly of con-
tributions from a somewhat extended region of
the Brillouin zone. Band-structure calculations
for QaP" show that the E""„-I"„critical point is
the most probable cause of this structure, not
only because it is a zone-center critical point be-
tween bonding P-like and bonding d-like states,
but also because the energy bands are very nearly
parallel for a short distance from I' along A, con-
tributing to the oscillator strength. Finally, band-
structure calculations for both GaAs and QaP
place this energy in very good agreement with our
measured values, as shown in Table I. The cal-
culated energies of these critical points are known
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to be very insensitive to changes in pseudopotential
parameters. " For these reasons, the assignment
of these structures appears firm. The lack of a
definite spin-orbit-split structure for this tran-
sition is taken as an indication that contributions
from the parallel-band region along A are also
important in generating this spectral feature, be-
cause if this is correct, then the missing struc-
ture will contain contributions from regions of the
valence band having both zone-center (0.341 eV)
and A-axis (0.220 eV) spin-orbit splittings. lt
would consequently be expected to be illdefined
and therefore rather weak.
In QaAs, an equally strong feature occurs at
9.35 +0.1 eV in Fig. 1 and is labeled E,". From
line-shape similarities, we believe that the struc-
ture in the GaP spectrum of Fig. 2 at 10.7 +0.2 eV
arises from the same type of critical point. In
the latter case, this corresponds to a parallel-
band region along A centered about the L,"—L,'
critical point. ' The calculated energy of the cor-
responding feature in the QaAs band structure"
is 9.97 eV, about 0.5 eV higher than the experi-
mental average separation. We do not view this
discrepancy as serious, since the L", -L,' energy
is sensitive to the pseudopotentials chosen in the
calculation. " If the structure at 9.60 +0.1 eV is
the spin-orbit-split companion, as seems likely,
then the difference (0.25 eV) is very close to the
spin-orbit splitting (0.220 eV) of the valence bands
at L. We view this agreement as added support
for this assignment.
The critical point structures at 8.24 +0.1 and
8.50 +0.1 eV in the QaAs spectrum of Fig. 1 are
assigned to the 1""„ I"",- I", transitions, which
have the average value 8.29 eV in the band-struc-
ture calculations. "'" The line shape cannot be
interpreted clearly; we assume that the individual
contributions, if separated, should have essen-
tially the same shape as the E," structure adjacent
to it at higher energy. The interpretation given
leads to a spin-orbit splitting of 0.25 eV, less than
that of the F"„F",symmetry points. From its
sharpness, the spectral feature at 10.27 +0.1 eV
appears to represent the equivalent critical point
in QaP.
An inspection of the band structure at high en-
ergies" shows a large number of possibilities for
the remaining features shown in Fig. 1. We feel
that any further interpretation at this stage is
premature, and will discuss these assignments
in a future publication as further data become
available. The slowly rising background above
about 10 eV that appears in both Figs. 1 and 2 is
a spurious effect due to luminescence, which does
not occur with the solar-blind detector used above
14 eV.
B. ER spectra from 14 to 27 eV
Schottky-barrier ER spectra from 14 to 27 eV
are shown in Figs. 4 and 5 for GaAs and GaP, re-
spectively. A new set of features, characterized
by a striking pattern of sharp clearly resolved
doublets, is seen to appear above 20 eV super-
imposed on the relatively broad sP' background
structure. These doublet structures arise from
critical points that occur between the flat valence
bands derived from the 3d atomic core levels of
Ga, which are split by the spin-orbit interaction.
Since the curvature of these 3d bands is of the
order of 0.1 meV, "'"which is negligible on the
scale of resolution of this experiment, the ener-
gies of these critical points determine rigorously
the relative energies of local minima and maxima
of the sP' conduction band to the extent that elec-
tron-hole interaction effects"' "can be ignored.
When combined with absolute determinations of
the energy of the 3d core valence bands by photo-
emission measurements, ""absolute energies
of the condution-band extrema, in principle, can
be obtained.
A cursory inspection of Figs. 4 and 5 shows a
remarkable similarity between the Schottky-bar-
rier ER spectra of GaAs and QaP in the 19-25-eV
range, which is emphasized by the extended-scale
display of these spectra in Fig. 6. Before dis-
cussing these spectra in detail, we consider first
the remaining sP' valence-conduction-band critical
points above 14 eV. In accordance with the nota-
tion introduced by Cardona" and extended by
Quizzetti et al. ' to include volume critical points
I [ i J I f I ) f f I
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Ga As —8OK
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FIG. 4. Schottky-barrier ER spectrum of GaAs from
14 to 27 eV. The barrier metal for this spectrum was ¹i.
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cipally s-bke about the Ga core. If X, were de-
tectable, then a much larger structure should be
expected at X'„which is p-like about the Ga core"
but which was not assigned in the previous inter-
pretation. 8-like conduction-band wave functions
should have small matrix elements because the
3d-valence-band wave functions should be rep-
resented accurately by 3d-atomic wave functions
centered about the Ga site. Group theory provides
no information here since it indicates only that 311
3d-core to sp'-conductj. on-band transitions are al-
lowed. The 3d levels form irreducible representa, -
tions of I"» and I'» symmetry at the zone center in
the single-group notation; '4 and hence no selection
rules are obtained that forbid transitions to any of
the major symmetry points of the lower-sp' con-
duction bands. The same conclusion is obtained in
the double-group representation, for which thej=-,' (upper) state consists of a 1", and 1, combina-
tion, Rnd 'tile j = ~ (lowel') 8'tRte belongs io 'the rep-
resentation I'8.
To obtain further information to resolve this
point, we estimated the matrix elements between
the 3d-core wave functions and selected conduction-
band states as follows: We calculated the first
two terms of the power-series expansion about the
Ga site of the I"„L,'„X'„and X,' conduction-band
wave functions from the recent nonlocal pseudo-
potential results of Pandey and Phillips. "' The
results are shown in Table II. While the constant
and linear terms in these expansions are not
strictly proportional to the s- and p-like parts of
the conduction-band wave functions, they neverthe-
less give a reasonable estimate of the magnitude
of the matrix element to be expected between the
core level and the selected symmetry point. It is
clear from these results that the X', matrix ele-
ment should be larger (probably by over an order
of magnitude) than the next-largest possibility, the
I.', critical point, Rnd that the I'', and X,' contribu-
tions are probably negligible. Our previous as-
signment could not therefore have been correct.
%'e conclude that the dominant structures at 20.55
and 21.00 eV in GaP are the spin-orbit-split doub-
let arising between the GR 3d core levels Rnd the
X y Rbsolu te minimum of the condu ction band .
Since the X', absolute conduction-band minimum
in GaP lies 2.333+0.001 eV above the top of the
valence band at low temperature, "we can deter-
mine the apparent energy of the 3d core levels
from the spectra in Fig. 6. Applying the three-
point method" to the p = 60' spectra, we find that
the j= ~5 and j = —,' singularities occur at 20.55 and
21.00 eV, respectively. Thus, the 3d core levels—
neglecting exciton effects —are located at -18.22
and —18.6V eV relative to the top of the valence hand.
Taking into account the 6:4 occupation of these
TABLE II. Leading coefficients of the Taylor-series
expansion of the conduction-band wave functions about
the Ga site in GaAs for selected symmetries, from the
nonlocal pseudopotential calculations of Pandey and
Phillips (Refs. 42, 55). The wave functions are nor-
malized to I when integrated over a unit cell. Here
G =2m/ap, where ap is the lattice constant, and
z' =- (x+y+z)/v 3.
Symmetry LinearConstant
—0.3Gg'
2. 2Gz
levels, we calculate the average energy of the 3d
core levels to be 18.40 eV below the top of the
valence band. XPS measurements" determine this
energy to be -18.55+0.05 eV. The 150-meV dif-
ference can be attributed to exccton effects,
since in the presence of a strong exciton line the
three-point method yields E —E„. The energy
difference between the optical and XPS measure-
ments is small enough to indicate that large core-
hole effects are not significant in core- level
spectra of semiconductors.
For GRAs~ the X~ level lies 0.43 eV above I
~)
while I"', lies 1.519 eV above I'",. Locating the
known X', singularities on the p =30'GaP spectra,
and using the obvious similarity between the GaAs
and GaP P =30' spectra, we find the X', singular-
ities to be at 20.35 and 20.80 eV in Fig. 6. The
3d core levels —again neglecting exciton effects-
are located in GRAs at -18.40 and -18.85 eV rela-
tive to the top of the valence band. The average
3d core energy of -18.60 eV determined here is
about 200 meV higher than the XPS value, " -18.82
eV. The difference is similar to that determined
for GRP, supporting the position that core-hole
shifts are not significant in core-level ER spectra
of semiconductors.
The location of the X', singularity energies allows
us to also reference structure in Fig. 6 to an en-
ergy scale relative to the top of the valence band.
By using singularity energies throughout, we do
not need to explicitly remove the electron-hole
interaction energy, but we do have to assume that
lt ls tile SR1118 (ol' I18Rl'ly 'the sR1118) fol' 8Rcil struc-
ture. The energy scale for conduction-band struc-
ture relative to the top of the valence band is given
for each spectrum on top of its zero line.
The remaining core-level ER structures are of
interest for two reasons: first, there exist known
critical points for which structures do not appear,
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and second, major (obvious doublet) structures are
seen in these spectra that are not related to any
known high-symmetry critical points. Obvious
doublet structures occur at 22.35 (22.60) eV and
23.50 (23.95} eV in GaP as seen in the $ = 60' spec-
trum. The corresponding energies of the j = ~
member, referenced to the top of the valence band,
are 4.15 and 5.30 eV. The equivalent major struc-
tures in GaAs occur at 22. 15 (22.60) eV and 23.45
(23.90) eV, and the corresponding j=-,' energies
relative to the top of the valence band occur at
3.75 and 5.05 eV, respectively. We list the results
of the comparison in Table III and discuss them
below.
The first known critical point occurs at I"', in
GaAs. The I"", transition at 2.88 eV in GaP could
be masked by the larger X', structures, but it
should occur below the lower X', structure in
GaA8. Its absence in the spectrum in Fig. 6 shows
that its matrix element is small, as expected.
The J. ', structures should appear near 2 eV in
GaAs and near 2.7 eV in GaP, although these en-
ergies are very uncertain because it is difficult to
determine the I.", singularity in UPS and XPS.
They may in fact lie up to 0.3 eV higher. " In either
case, the structure would be masked in GaA8 by
the X', structures. The structure near 3.2 eV in
the P =60'GaP spectrum could conceivably be thej = ~ member of the doublet, but its lineshape and
field dependence indicate strongly that it is a sub-
sidiary oscillation associated with the I, struc-
ture.
The X,' structures should be quite weak, accord-
ing to Table II. From the values given in Table
III, only the j = —,' components should be seen. The
weak structure near 2.6 eV in GaAs is most prob-
ably a subsidiary oscillation of the X', structure,
as in GaP. Accordingly, we also indicate this
TABLE III. Comparison of energies of core-level ER structures of GaAs and QaP with
energies of selected conduction-band states. Only transitions from the j =~ core levels are
cons ldered.
QaAs
Expt, sp3 Expt, this work
GaP
Expt, sp3 Expt, this work
pC
LC
1
Xc3
1.519"
1.95 ~
1.95'
2.35"
(not seen)
1.95"
(not seen)
(not seen)
0a
1524 ' 1 51
02 c, d
1.87,"1.72 '
2.883 ~
2.333 f
2.65 j
2.62
(not seen)
2.33"
(not seen)
(not seen)
4.15
pC
5 6" 5.6'
' Refex ence level.
b Sell 4 al. , Refs, 34 and 35.
Pandey and Phillips~ Ref. 26,
~ Value corrected for spin-orbit splitting Qo —0.341 eV of I'7" and I'8" (see Ref. 25).
' Chelikowsky and Cohen, Ref. 27,
~ Dean, Kaminsky, and Zetterstrom, Ref. 56.
~ Value obtained from I &c level plus 0.43 eV separation between F&c and X&c from Balslev,
Ref. 57.
"Value chosen to agree with optical value, fixing energy of all states in this column.
' Calculated from L& average energy, -1.2 eV, from UPS (Refs. 14 and 58) and XPS
(Ref. 12) measurements, together with L ~& L c& ER (Ref. 25) value from Table I.
& Calculated from L~& average energy, -1.15 eV, from UPS {Ref. 14) and XPS (Ref. 12)
measurements together with I.3 I & EDR (Ref. 38) value from Table I.
~ Value from X&c plus 0.40 eV X&c —X3c splitting (Ref. 25).
~ Aspnes and Studna, Ref. 25.
~Stokowski and Sell, Ref. 38.
"From Table I and (i) above.
From Table I and (j) above.
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transition as not seen.
One should expect a number of possible origins
for the higher-energy structures, such as local
extrema along 4 or Z symmetry lines, which may
originate from p-like atomic states centered about
Ga. P-like states of known energy include the
F7 I 8 set, and the hi ghe r- lying I.,' points . A1-
though structure does exist in the core-level ER
spectra near these energies, it is clear that the
assignment of the major structure to X', results in
considerable discrepancies between these high-
symmetry states and the dominant ER structures
discussed earlier. We conclude that these major
structures, at 3.75 and 5.05 eV in GaAs, and at
4.15 and 5.30 eV in GaP, terminate at band
extrema whose location is not yet known. It is
unlikely that exciton shifts should be so large
to cause these discrepancies. More reason-
ably, the critical points exist and remain to
be assigned.
IV. CONCLUSION
We have demonstrated in this paper that ER is
a powerful technique for detecting weak structures,
resolving closely spaced critical points, and ac-
curately determining critical-point assignments
and energies well up into the vacuum uv. The
spectra obtained are large, and it is clear that
the technique should be useful on a wide range of
materials, to higher energies than those obtained
here. The observation of sharp spectra from core-
level valence bands which are flat on the scale of
energy determined by the experimental resolution
(ca. 0.1 eV) is particularly exciting, since it not
only opens up a new critical-point spectrum to
local minima and maxima in the conduction bands,
but also enables these energies to be determined
absolutely from measurements of core-level en-
ergies and also enables the absolute energies of
related high-symmetry sP' valence-band states
to be determined more accurately than currently
possible with electron spectroscopic techniques.
Previous spectroscopic work"-" indicated that
intrinsic broadening energies of the order of 0.3
eV could be expected in the 10-20-eV range.
Since ER spectra depend on the third derivative
of the dielectric function, the amplitudes of these
spectra vary inversely with the third power of the
broadening parameter. "'" Since spectra of the
order of 10 ' in (4R/R~ are observed with 50-100-
meV broadening below 6 eV, and since there is no
reason to expect significantly different matrix ele-
ments at higher energies, it follows that a sixfold
increase in I', from 50 to 300 meV, should result
in ER spectra of the order of 10-', near experi-
mental resolution limits and too small to be use-
ful or possibly even to be detected. It is clear
from the results presented here that the intrinsic
broadening is much less than 300 meV. The shap--
est structures that we have observed, e.g. , the
rises in bR/R at 23.4 eV in Fig. 6, appear to have
widths of the order of 100 meV. The inability of
electron spectroscopies to achieve these widths
appears to be due to an admixture of surface and
bulk effects. The small broadening obtained here
indicates also that the core hole has a longer life-
time than expected, which is probably due to the
centrifugal barrier imposed by the 3d wave func-
tions. ' Significantly, the best resolution ex-
hibited by the electron spectroscopies have also
involved transitions from the 3d core levels" in
GaAs (to a sharp surface state) or from 2p core
levels in light atoms (Si)."This may show that
measurements from core levels may prove to be
particularly useful in semiconductor spectroscopy.
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